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ABSTRACT

Meteorological Teleconnections Between the Sahel
and the Eastern United States. (December 1985)
Jeffrey tarl Malan, B.G.S., University of Nebraska at Omaha

Chairman of Advisory Committee: Professor John F. Griffiths

The existence of atmospheric teleconnections betweer the Sahel

and the eastern United States is investigated on a seasonal time scale.

Precipitation data for the Sahel and surface temperature data for the
eastern United States from the years 1951 through 1977 in the months
June through October are used. The statistical procedures applied are
principal component analysis; Pearson's product-moment and Spearman's
rank correlation, simple Tinear regression. 0Data of the 700 mb height
data are used to produce compesite charts of seasonal circulation and
for conducting circulation analyses in an effort to associate climate
signals with anomalous conditions of the general circulation.

Two readily identifiable modes of large-scale spatial variability
are found in the first and second principal components. The first

indicates the existence of an inverse relationship between precipita-

tion in the Sahel and surfece temperature in the eastern United States.

The second principal component indicates a direct relationship between
these two regimes. Circulation analyses reveal patterns in the 700 mb

height anomaly field which may be connected with the postulated in-

verse relationship.

Mt A it A A AV 04 & 0 A a¢ A aiNL SAG Sl S AL oA
- A . o« "»

‘¢

-~




LT~ T TYY I E R TR NI TR e

AFIT RESEARCH ASSESSMENT

The purpose of this questionnaire is to ascertain the value and/or contribution of research
accomplished by students or faculty of the Air Force Institute of Technology (AU). It would be
greatly appreciated if you would complete the following questionnaire and return it to:

AFIT/NR
Wright-Patterson AFB OH 45433

RESEARCH TITLE:

AUTHOR:
RESEARCH ASSESSMENT QUESTIONS:
1. Did this research contribute to a current Air Force project?

() a. YES () b. NO

2. Do you believe this research topic is significant enough that it would have been researched
(or contracted) by your organization or another agency if AFIT had not?

() a. YES () b. NO

3. The benefits of AFIT research can often be expressed by the equivalent value that your
agency achieved/received by virtue of AFIT performing the research. Can you estimate what this
research would have cost if it had been accomplished under contract or if it had been done in-house
in terms of manpower and/or dollars?

() a. MAN-YEARS () b. $

4. Often it is not possible to attach equivalent dollar values to research, although the
results of the research may, in fact, be important. Whether or not you were able to establish an
equivalent value for this research (3. above), what is your estimate of its significance?

() a. HIGHLY () b. SIGNIFICANT () c. SLIGHTLY () d. OF NO
SIGNIFICANT SIGNIFICANT SIGNIFICANCE

5. AFIT welcomes any further comments you may have on the above questions, or any additional
details concerning the current application, future potential, or other value of this research.
Please use the bottom part of this questionnaire for your statement(s).

NAME GRADE POSITION

ORGANTZATION LOCATTION

STATEMENT(s):

IR v e
Mmao oo o o' ) [

o S d o

AT '
ol iw ety s a ale




.................
......................................

o~
Kl ;
o z
o :
‘.;.:.' :‘
METEOROLOGICAL TELECONNECTIONS BETWEEN THE SAHEL -
AND THE EASTERN UNITED STATES 5
2
4
R
A Thesis fecesston For /L
‘NTIS GRARI /i
by \ DTIC TAE o
\ Unanaainded L
JEFFREY EARL MALAN e O

I =

By - e

\ sttmt‘utic 74 —t

T puvailebility ”°’°“,,_;

Approved as to style and content by: o \Avail wna/oF
qut : Special

\'.—!--V' —

oAy

Lo % Al \J\

John F. Griffiths Rudo}f J. Freund Q:”
Member)

(Chatrman of Committee)

P s

,/‘ James P. MCGuirk <

- (Member) (Head of Department)

5

il December 1985
5 A
r §




LA i S 2 Mo Antici JiE A At se AUEAS g s Jaam At~

— —_ " V_i_“_‘A!_-_“_...t._n

METEOROLOGICAL TELECONNECTIONS BETWEEN THE SAHEL
AND THE EASTERN UNITED STATES

A Thesis

by
JEFFREY EARL MALAN

Submitted to the Graduate College of
Texas A&M University
in partial fulfillment of the requirement for the degree of

MASTER OF SCIENCE

December 1985

Major Subject: Meteoroiogy

s e,

P N
R

[ waywg)




Y
.

-
»

e
.

3

LA
3

h
-

-
-
.. "
.-
-«
P
e
)
.,
-
.
“a

DEDICATION

"To Laura"

DA A i T aMA AR NS A s b Rt g Aol Sodl Sud And g S 8 sud




’ MR T
R 0 e el .
PR AP |

T
.

LBl as

ACKNOWLEDGEMENTS

The author wishes to thank Professor John F. Griffiths for his
guidance, patience and joviality; Dr. James P. McGuirk for his scien-
tific counsel, accessibility and encouragement; Dr. R. J. Freund for
his interest and flexibility; Captain Lloyd Anderson, Jr. for his
generous contributions of time and knowledge; and to the United States
Air Force Institute of Technology without which this endeavor would
not have been possible. The author also wishes to thank Mrs. Dorothy

Lorenz for typing this manuscript.

°) et

. 8 ;..A“'
R S S S W}




TABLE OF CONTENTS
: ABSTRACT & . v v v v it e it e s

.i DEDICATION © » v o v v oo e e e e e e e e e
ACKNOWLEDGEMENTS . . . . . . . . . « . « . . . v v v v v v v
LISTOF TABLES . . . . . . . . . . o o o o o s e s s e e e

LIST OF FIGURES. . . . . & . . . & i i e et e e e e e e e e
1. INTRODUCTION . . . . . . . . . o v v o s e e e e e e s e
a. General. . . . . . . L L e e e e e e e ..

b. Objectives . . . . . . . e e e e e e e e e e e e e e e

‘ c. Background . . . . . . . L L. Lo L.
2. LITERATURE REVIEW. . . . . . . . o« . o o o o o o o o ..
3. DATA . . . o e e e e e e e e e e e e e e

- 4. METHODS OF ANALYSIS. . . . . . . ¢ . v v o v v v v v v v o

) a. Data development . . . . . . . . .. . . . .. ... .

. b. Principal component analysis . . . . . . . . . . . .. C ..

c. Correlation. . . . . . . . . . . L0 .o

N d. Regression . . . . . . . . . .. .o e e e e e e

- e. Seasonal circulation analysis. . . . . . . . . . . . ..

' 5. RESULTS. . v v v v e e e e e e e e e
a. Selection of a random sample . . . . . . . . . . . . .. ..
b. Identification of climate signals. . . . . . . . . . . . ..

> c. Correlation of climate signals . . . . . . . . .
d. Regression of a postulated relationship. . . . . ..
e. Analysis of corresponding states of seasonal c1rcu1at1on ..
6. CONCLUDING REMARKS AND RECOMMENDATIONS . .

“- a. Concluding remarks . . . . . . . . . . . . . ...

g b. Recommendations. . . . . . . . . . . . ... ...

L REFERENCES . . . . . . . . . ..

e VITA . . . . ...

o R

- [




o T b
AN RS

§ OSBSE

LIST OF TABLES

Stations in the eastern United States .

1b Stations in the Sahel

Distribution of years of seasonal precipitation means
of the 15-year sample among the tercile categories.

Distribution of years of seasonal precipitation means
of the 12-year independent control sample among the
tercile categories. e e e e e e e e e

Eigenvector coefficients of the first five eigenvectors
(total number of eigenvectors is 33). The first and
second eigenvectors indicate relatonships between the
Sahel and the eastern United States, whereas the re-
mainder of the eigenvectors indicate relationships
which may exist on a smaller, sub-regional scale, or
on an intra-regional basis.

Month-to-month product-moment correlation coefficients
for the period of June through October of the 15-year
sample. . . . L . e e e e e e e e e e e e,

Page

14
17

29

29

33

39




] viii

LIST OF FIGURES

i Figure Page
. 1 The geographical region of West Africa referred to
. as the Sahel. The Sahel is the shaded area . . . . . . . 5
ii 2 Mean daily pressure pattern (mbar) and air flow

(arrows) over northern Africa for July (after

Griffiths, 1972). . . . . . . « .« o i e e e e e 6

3a Regional distribution of stations in the eastern

United States. . . . . . . . . . . . . .o v e e 0. 15

in 3b Regional distribution of stations in the Sahel. . . . . . 18

4  Graph of eigenvalues and corresponding proportions
of variance vs. principal components. The results
of that part of the principal component analysis
i:v shown here indicate some larger-scale modes of
' spatial variability among many small-scale modes.
Plotted points exist for only the first 14 princi-
pal components due to underspec1f1cat1on of the
analysis problem. . . . . . .« . . . . .. .00 .o 31

5 Sahel precipitation as a function of eastern United
States surface temperature. The line of regression
is constructed from the regression equation
Y=5482.4-138.1X (determined from the 15-year sample).
The scatter plot is of both the 15-year sample
(crosses) and the 12-year control sample (dots) . . . . . 42

6 Low precipitation category composite. 700 mb heights
and anomalies are labeled in tens of feet. Areas of
positive departures are represented by cross-hatching;
areas of negative departures are shaded with horizon-
tal lines. . . . . . . ... e e e e e e e 44

7  High precipitation category composite. 700 mb heights
and anomalies are labeled in tens of feet. Areas of
positive departures are represented by cross-hatching;
areas of negative departures are shaded with horizontal
lines. . . . . . . . . . ... e e e e e e e e e 45

8 Intermediate precipitation category composite 700 mb
heights and anomalies are labeled in tens of feet.
Areas of positive departures are represented by cross-
hatching; areas of negative departures are shaded with 3
horizontal lines. . . . . . . . . . . . . . ... ..., 46 ”




MY N U S

LIST OF FIGURES (continued)

Figure

9

Mean 700 mb height analysis for the 27-year period
(1951-1977)

WP Sl YA VLl G OIS WA WO GO WY S W

ix

Page

T

-l o




1. INTRODUCTION
a. General

:i; The semi-arid region of sub-Saharan West Africa is referred to
loosely in most literature as the Sahel. This region is subjected to
considerable seasonal and interannual climate variability which is
manifested most significantly as rainfall variability. Rainfall vari-
ability in the region over the last three to four decades has been
well-documented; below-normal conditions and above normal conditions
have tended to last for periods of up to a decade, and have exhibited
spatial coherence of regional extent (Nicholson, 1981). A wetter-
than~normal period was experienced in the 1950's, while a drier-than-
normal period occurred in the late 1960's to the middle 1970's. Rain-
fall for the years between these periods of anomalous conditions was
found to be near-normal throughout the region (Lamb, 1978b).

The socio-economic system of this semi-arid region of Africa is
very sensitive to rainfall variability (Glantz, 1977). Under the
more optimal rainfall conditions of the 1950's and early 1960's,
agriculture and pastoralism expanded northward toward the Sahara.
As more land became intensely cultivated the region supported greater
numbers of people and animals. When conditions became drier in the
late 1960's 1960's and early 1970's a crisis developed. The period
between 1968 and 1973 was, in fact, one of serious drought. Increased

levels of agriculture and larger herds of grazing animals no longer

The citations on the following pages follow the style and
format of the Monthly Weather Review.




could be supported, which led to over-grazing and destruction of the
land's utility. Widespread famine become prevalent and many people
and animals died as a direct result of the drought (Oliver, 1981).
Seasonal and interannual rainfall variability in this region may
be attributed to variability of specific features of the atmospheric
general circulation. A complete understanding of the various mani-
festations and of the behavior of these features of course has not
yet been acquired, but certainly would help in an understanding of
rainfal} variability. One possible way of gaining an understanding of
the nature of the features of the seasonal atmospheric general circu-
lation which particularly affect the semi-arid region of sub-Saharan
West Africa is by correlation of temporal fluctuations in meteorologi-
cal indicators at locations distant from the region. This kind of
correlation is sometimes referred to as a teleconnection (Wallace and
Gutzler, 1981). One kind of teleconnection would be the correlation
of two disparate meteorological regimes which are both influenced by
one particular feature of the atmospheric general circulation. A
teleconnection of this type may suggest that some kind of relationship
exists between the meteorological regimes. Teleconnection patterns

also suggest physical mechanisms may exist.
b. Objectives

The primary objective of this study is to examine a possible
relationship on a seasonal time scale between the meteorological

regimes of the eastern United States and of the Sahel. This
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objective is accomplished by performing the following tasks:

1) Development of two sets of meteorological data, one set
consisting of surface temperature data for the eastern
United States and one set consisting of precipitation data
for the Sahel.

2) Examination of the two sets of data to identify signifi-
cant climate signals on the seasonal time scale and the
regional spatial scale.

3) Correlation of significant climate signals identified from
each of the two sets of data.

4) Review of temporal and spatial variations of features of the
seasonal atmospheric general circulation over the North
Atlantic Ocean and its continental environs.

5) Association of significant climate signals from (2) and (3)
above with anomalous conditions of particular features of

the general circulation.

¢. Background

The eastern United States is a region in the temperate latitudes,

influenced by the Atlantic-maritime air mass. The western side of the

"v_' L IS
e 'JAJL P I EPUBAER)

North Atlantic subtropical high pressure system affects this meteorol-

ogical regime, particularly from the late spring through early autumn

—h i -

months. Hotter-than-normal conditions during these months generally

can be attributed to the persistence or recurrence of a pronounced

[ .

extension of the subtropical high pressure system over the eastern

United States (Erickson, 1983). Cooler-than-normal conditions, on the




other hand, may be attributed to above-average cyclonic activity and
subsequent cloud cover in concurrence with a weaker, less-pronounced
extension of the high pressure system (Madden and Williams, 1978).

The Sahel Ties in subtropical latitudes and is also influenced
by the Atlantic-maritime air mass (see Figures 1 and 2). The eastern
side of the North Atlantic subtropical high pressure system affects
this meteorological regime. The region is affected seasonally by the
South Atlantic subtropical high in addition to the high in the Northern
Hemisphere. The Intertropical Convergence Zone (ITCZ) can be identi-
fied as a dividing zone between air masses associated with these two
features (Griffiths, 1972). The seasonal excursion of all these fea-
tures southward is characterized by a dry season in the Sahel which
occurs from late autumn through early spring (November through May).
The northward excursion of the features is characterized by a wet

season which occurs from late spring through early autumn (June through

October).
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Fig. 1. The geographical region of West Africa referred
to as the Sahel. The Sahel is the shaded area.
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The concept of meteorological teleconnections may be described in ;k
several ways. It can be described broadly as a statistical/physical ié
correlation between two, or among more than two, atmospheric circula- ?d

tions or "centers of action,” or among indicators of these, such as ]

pressure, temperature or precipitation. The concern is with a correla-

tion of temporal fluctuations of these features.

The idea of the existence of centers of action, or macro-scale
pressure patterns, and their relationship to prevailing weather condi-
tions was first presented by Teisserenc de Bort (1883). Later,
Hildebransson (1897) demonstrated that correlations between weather
conditions over one region of the globe and those over another distant
region could be found. Significant contributions were made to this
idea of correlation between weather conditions at distant locations by
Sir Gilbert Walker [Walker (1923, 1924); Walker and Bliss (1932)]. 1In
his series of research papers Walker provides evidence of three large
teleconnection patterns in which an inverse relationship exists be-
tween pressure in one region and pressure in another. These patterns
are:

1) The North Atlantic Oscfllation (NAO), involving the Icelandic

Jow and the Azores high pressure area.
2) The North Pacific Oscillation (NPO), involving the Aleutian

low and the North Pacific high pressure area.

3) The Southern Oscillation (SO), involving pressure over the

South Pacific Ocean and over the equatorial Indian Ocean. fj
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Rossby (1939) later formulated a theory for the behavior of the cen-
ters of action, and this work provided some explanation for the tele-
connections specified by the other researchers.

The research cited above formed a foundation for later work, much
of which has been devoted to the SO phenomenon. The SO exhibits a
zonal, east-west teleconnection pattern manifested as a global-scale
fluctuation primarily reflecting a shift of mass between the Indone-
sian equatorial low pressure cell and the South Pacific subtropical
high pressure cell (Walker and Bliss, 1932; Troup, 1965). The NAQ
exhibits a mostly meridional teleconnection pattern which is evi-
denced by an inverse relationship between sea level pressure in the
vicinity of the Icelandic Low and a broad east-west belt centered on
about 40°N which extends from the western North Atlantic to the
Mediterranean (Walker and Bliss, 1932). An analogue to the NAO pat-
tern proposed by Walker and Bliss is the NP0 pattern which shows a
north-south seesaw in sea level pressure between a high-latitude belt
extending from eastern Siberia to western Canada and a broad low-
latitude belt including the subtropics and extending northward to near
40°N. Dickson and Namias (1976) proposed another teleconnection
pattern labeled by some as the Pacific/North American (PNA) pattern
(Wallace and Gutzler, 1981) which also has somewhat of a combined zonal
and meridional nature. It can be seen in the mid-tropospheric geopo-
tential height field, extending from the mid-Pacific Ocean to eastern
North America and is characterized by an alternation between a block-
ing pattern and a more zonally oriented flow pattern.

Recent research by Wallace and Gutzler (1981) has disclosed some
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other teleconnection patterns; among these are an Eastern Atlantic (EA)
pattern and a Western Atlantic (WA) pattern, both of which appear to be
related to the NAD pattern. These patterns appear dominant at mid-
tropospheric levels. Barnett (1981) conducted research on meteorolog-
ical teleconnections which was concerned not only with the identifica-
tion of spatial patterns, but also with the implications of them. He
investigated interactions of anomalies of fields of both sea Jevel
pressure and sea surface temperature in the Pacific Ocean with aspects
of the meteorological regime over North America. His results sug-
gested a teleconnection in the climate system from the equatorial
regions of the Pacific Ocean to higher latitudes.

Erickson (1983) also examined the possibility of relationships
between teleconnection patterns and weather conditions. Erickson's
research involved anomalies of both sea level pressure and 700 mb
height related to mean summer temperatures in the United States. His
findings revealed an association of unusually warm summers with a
three-cell pattern of anticyclonic anomalies over the eastern North
Pacific, the United States and the North Atlantic; also noted were
mostly above-normal heights for the entire Northern Hemisphere north
of 15°N, but especially at subtropical and lower middle latitudes.
Generally, for unusually cool summers opposite patterns were found.
Erickson also computed lag correlations between zonally averaged 700 mb
height anomalies and United States mean summer temperatures, and these
suggested a very broad and large-scale relation.

Namias (1972) suggested the association of large-scale features

of the atmospheric general circulation, particularly the North Atlantic
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subtropical high, with aspects of the meteorological regime in north-
east Brazil. The hypothesis proposed was that the northeast trades

are frequently regulated by the Atlantic subtropical anticyclone

which in turn is regulated by the upstream westerly long-wave activity.
Variations of these features alter the intensity of convergence into
the ITCZ, and perhaps change its position so that variable demands may
be placed on the southeast trade wind system affecting the moisture
influx from the South Atlantic. In other research Namias (1974) pro-
posed an association of 700 mb heights over higher latitudes of Europe
and the North Atlantic with precipitation conditions in the Sahel re-
gion of Africa. He found that dry conditions at Dakar, Senegal and
Niamey, Niger corresponded with high 700 mb heights over northern lati-
tudes of Europe and the North Atlantic; also, these dry conditions
corresponded with low heights over southern latitudes of the North
Atlantic, east Africa and the Mediterranean.

Namias (1974) also made suggestions for research into the role of
teleconnections in understanding tropical climate fluctuations, parti-
cularly fluctuations of interannual rainfall in the region of the
African Sahel. According to Namias, the first procedure should be to
specify the features of the general circulation which are associated
with excess or deficient rainfall for selected stations or groups of
stations. Another procedure is to obtain a reasonably long-period
record of rainfall and a file of reasonably good upper air data over
distant areas, such as Europe, the Mediterranean and the Atlantic.

A number of explanations have been proposed for such rainfall

fluctuations in the Sahel. Bryson and Murray (1977) attributed the

~~~~~~~
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conditions of the rainy season in the Sahel to a meridional displace-
ment of the large-scale features, such as the mid-tropospheric prevail-
ing westerlies, anticyclone deserts, the intertropical discontinuity
(ITD) and moist monsoon air; a northward displacement corresponding
with wet conditions and a southward displacement corresponding with
dry conditions. Lamb (1978a,b) postulated that several features of
the general circulation, such as the Tropical Atlantic near-equatorial
: trough, the kinematic axis and the zone of maximum sea surface tempera-
- tures, may be located farther to the north or south of their usual
positions during an anomalously wet or an anomalously dry rainy season,
respectively. Nicholson (1981) proposed that a northward shift of the
general circulation features may be responsible primarily for wetter-
than-normal years, but that the occurrence of drier-than-normal condi-
tions may be related to the intensity of the rainy season as governed
by other factors. Miles and Follard (1974) found a trend for several
features, such as the subtropical pressure maximum and the maximum of
the westerlies, to shift northward while rainfall was on the decline.
Tanaka et al. (1975) suggested that changes in the morphology of cer-
tain features, such as the subtropical high pressure belt and the
trough of the mid-Tlatitude westeriies, rather than the variation of
latitudinal excursion of them, may be related to rainfall production
during the rainy season. Bunting et al. (1975) suggested that a pre-
dictor of rainfall in the region may be the variation of a 700 mb geo-
potential anomaly located over the Sahel.

Among the features of the general circulation mentioned above

which may be important in the course of resolving meteorological




teleconnections, and for determining rainfall conditions associated

with such teleconnections that may affect the Sahel, is the North
Atlantic subtropical high pressure system. This feature is mentioned
by Miles and Follard (1974) and by Tanaka et al. (1975). Given that
the North Atlantic subtropical high is an important feature in this
regard, then a reasonable expectation is that anomalous conditions of
it and of precipitation in the Sahel may exist simultaneously. Given
also that this subtropical high is a feature which has relevance to
large-scale temperature regime in the United States (Trewartha, 1968;
Erickson, 1983), another expectation is that anomalous conditions of
the feature and of surface temperature in the particular part of the
United States that is most directly exposed to the subtropical high
pressure system, namely the eastern region, may also exist simultan-
eously. Since teleconnection patterns may infer relationships between
meteorological regimes, and because they may suggest physical mechan-
isms, a reasonable proposal is that a correlation may exist between
two regimes, such as those in the Sahel and in the eastern United
States, which are both influenced by a particular salient feature of
the general circulation, such as the North Atlantic subtropical high.
This study is concerned with investigating such a correlation, or tele-

connection.
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3. DATA

Surface temperature is used in this study as an indicator of the
character of features of the seasonal atmospheric general circulation
.. over the eastern United States. During the period of late spring
through early autumn, surface temperature is a reasonably reliable
indicator on a regional scale of the character of the normal and
Ei anomalous meteorological regimes manifested, for example, as the
strength, position and persistence of the subtropical high pressure
system. A network of stations in the United States has been estab-

lished so as to give an acceptable representation of the large-scale

N

temperature pattern over approximately the eastern one-third of the
country. The chosen stations are evenly spaced throughout the region.
The density of stations in the region was not of primary concern; how-
ever, consideration was given such that a network of sufficient dens-
ity be used to determine as strong and as ccherent a climate signal

as possible. Temperature data have been obtained for each month from
June through October of the years from 1951 through 1977 from Local
Climatological Data, Annual 1977 (NOAA). Table la lists the 15 sta-

tions of record from which temperature data have been taken. No data

A ———— v TN Y v Y v .
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are missing from these stations' records. Figure 3a is of a map of
station locations in the eastern United States.

Precipitation is used as an indicator of features of the seasonal

circulation over the Sahel. The rainy season is defined as the period
from June through October. Whereas temperature in this region is a

somewhat less-sensitive element to climate fluctuations (Griffiths, E}
-

aaal
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Table la. Stations in the eastern United States. -
v
Lakeland, Florida Wilmington, Delaware -
Mobile, Alabama Pittsburgh, Penns}]vania ~
Macon, Georgia Detroit, Michigan ﬁﬁf
Memphis, Tennessee Madison, Wisconsin
Greensboro, North Carolina Worchester, Massachusetts
Lexington, Kentucky Albany, New York I ¥

Springfield, I1linois

Portland, Maine

Caribou, Maine




Fig. 3a.

Regional (istribution cf stations in the eastern
United States.
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1972), rainfall is more representative of the character of the
region's normal and anomalous meteorological regimes. A network of
stations has been established in order to give a representation of
precipitation pattern of a geographical region bounded by 18°N, 10°N,
by the Atlantic Ocean (approximately 18°W) and by approximately 5°E.
The number of stations in the region which recorded and disseminated
meteorological measurements consistently and from the same location 1is
relatively small. Therefore, using as great a number of stations as
possible was of greater concern than spacing or density. Precipita-
tion data have been obtained also for each month from June through
October from World Weather Records, Volume 5 (ESSA) of the years from
1951 through 1960, and from Monthly Climatic Data for the World (NOAA)
of the years from 1961 through 1977. Table 1b lists the 18 stations
of record from which precipitation data were taken. Stations with
excessive amounts of missing data were not used. Some data are miss-
ing from the records of those stations which have been used. Missing
data have been replaced with the appropriate monthly means as computed
from available monthly values within the period of the data base cover-
ing the years from 1951 through 1977. Figure 3b is of a map of station
tion locations in the Sahel. |

700 mb height data for use in constructing composite charts of
time-averaged (seasonal) circulation and for conducting circulation
analyses have been extracted from data sets compiled by Namias (1979),
these also for the years from 1951 through 1977. These data sets exist
in a seasonal format such that data are already time-averaged according

to the conventional four seasons of the year; thus, the summer season
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Table 1b. Stations in the Sahel.

Dakar, Senegal Nioro du Sahel, Mali

¢
Boieis
YA

Linguere, Senegal San, Mali

.

’
. S e o
P Accbdoshosbont ool odon

I

St. Louis, Senegal Segou, Mali
Tambacounda, Senegal Sikasso, Mali

Zinguinchor, Senegal Bobo Dioulasso, Upper Volta

. Ve

. R
RN .

. o N e

Gao, Mali Boromo, Upper Volta

Hombori, Mali Dori, Upper Volta

Menaka, Mali Fada N'Gourma, Upper Volta

Mopti, Mali Kandi, Benin

NI Wey)
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Fig. 3b. Regional distribution of stations in the Sahel.
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for which charts have been constructed is the June-July-August period.
A grid-point network of the data covers an area bounded by 50°N, 20°N,
90°W and the Equator which includes the eastern United States, western
Eurgpe, northwest Africa and a large expanse of the Atlantic Ocean.
The grid points are located at intersections of a 10 degree-square
grid, thus height values exist for a total of 40 grid points in the

area of interest.
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4. METHODS OF ANALYSIS

a. Data development

Two basic sets of meteorological data, one for the eastern
United States and one for the Sahel, have been developed for use in
subsequent statistical analyses. The two sets have been developed
for the 27-year period from 1951 through 1977. Means of temperature
for the period from June through October were computed from monthly
means for each station in the eastern United States for each year
of the 27-year period. Sums of precipitation for the same period
of months were computed from monthly totals for each station in the
Sahel, also for each year.

Out of the total of 27 years of data from the eastern United
States and from the Sahel a random sample of 15 years has been taken.
Means for the Sahel region were computed from the seasonal {June
through October) sums of precipitation for each station for each
year, and were ranked and grouped into terciles before the random
selection process was begun, thus making the sample a stratified
random sample. The random selection process was accomplished by
randomly picking five years of each tercile category (low, inter-
mediate, high) of mean precipitation for a total of 15 years.
Subsequentiy, the 12 years of data remaining have been used for a

control.
b. Principal component analysis

Principal component analysis has been employed to isolate

.....................
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simultaneous broadscale patterns of meteorological regime of tempera-
ture in the eastern United States and of precipitation in the Sahel,
and to resolve climate signals from these patterns. The output sta-
tistics of such an analysis are principal components, eigenvalues and
eigenvectors. The principal components (ai) represent linear combina-
tions of the number (p) of random variables Xqs X2...,Xp. The eigen-
values ( 1.) are equal to the variances of the principal components,
and provide a convenient measure of the relative importance of each
component. Eigenvectors describe the spatial pattern, and eigenvector
coefficients (ei) are measures of the importance of each variable to
the i-th principal component. In a sense, the eigenvector coeffi-
cients can be likened to regression coefficients. Thus, the i-th

principal component is given vectorially by
a_l = [eHX]’ e21-X2,-.-, ep_iXp]

Principal component analysis have been found to be useful in its
application to the study of interrelationships between fields of sev-
eral kinds of meteorological variables in the time domain. Kutzbach
(1967, 1970) concluded that principal component analysis could be
applied in descriptive or diagnostic studies in which these interrela-
tionships between fields of variables are not clearly understood.
Kidson (1975) resolved that, by employing principal component analysis,
a comparatively small number of climatological indices could represent

gross features of the general circulation. While the advantages may be

evident, some short-comings and limitations are inherent in this method.

Nicholson (1980) advised that one inherent limitation of principal
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component analysis is that modes of variation are, according to theory,
statistically independent, or orthogonal. Nicholson suggested that
because actual climatic variation is not characterized by this ortho-
gonality, the application of a correlation method may be better suited
to such studies of interrelationships between fields of meteorological

variables.
¢. Correlation

Two methods of correlation have been employed to examine the
degree of statistical relationship between prominent climate signals
as indicated by the simultaneous broadscale patterns of meteorological
regime in the eastern United States and in the Sahel suggested by the
eigenvectors of the principal component analysis. The two methods are
Spearman's rank correlation and Pearson's product-moment correlation.
The purposes served by these aspects of association analysis are that
they measure the strength of the relationship among the sample obser-
vations, and that they provide a point estimate of the strength of the
relationship between the variables in the population. They also pro-
vide a basis for testing the significance of the point estimate of
the strength of the relationship between the variables in the popula-
tion.

Pearson's product-moment correlation provides a measure of the
strength of a linear relationship between variables. The product-
moment correlation coefficient is non-dimensional. The correlation

coefficient is usually designated as r, and its definition is given by
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where X and Y are the variables of interest (temperature and precipi-
tation), and X and Y their respective means. The Pearson product-
moment correlation coefficient has the following characteristics:

1) When r is positive a direct relationship is indicated, 2) when
r is negative an inverse relationship is indicated and 3) when r is
equal to or near to zero the variables are not linearly related. A
perfect direct relationship is said to exist when r = +1, and a per-
fect inverse relationship exists when r = -1, As was previously
stated, the Pearson product-moment correlation coefficient permits
conclusions as to the existence of a linear relationship between two
variables, but does not indicate which variable causes the variation
of the other.

Spearman's rank correlation also provides a measure of the
strength of a relationship between variables, but strictly speaking,
it is a measure of that strength of relationship between the ranks of
the sample observations, rather than between the observations them-
selves, Further, the relationship may be other than linear. For data
consisting of observations from a bivariate population the pairs of
observations are designated (X1,Y]), (X2,Y2),..., (Xp,Y ). Here the
correlation coefficient is designated as r_, and its definition is

s
given by
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where R and S are the ranks of the variables X and Y, respectively, and
R and S are the means of the ranks, R and S. If ties occur among the
X's or among the Y's, the mean of the rank position for which any value
is tied is used. As with the product-moment correlation coefficient,
when a perfect direct relationship exists re = +1, and when a perfect
inverse relationship exists rs T -1. In the former case the rank of X
is the same as the rank of Y for every pair of observations, whereas
in the latter case the rank of one variable within each pair of obser-
vations is the reverse of the other. Given that rank correlation
yields a non-parametric measure of relationship, the exact measure of
strength that rs is estimating and the statistical significance of rs
are more difficult to interpret compared to product-moment correlation.
Further, in the case of rank correlation a bivariate normal distribu-
tion need not be assumed.

Nicholson (1980) proposed that correlation methods may be gene-
rally suitable for approaching the problem of climatic variation,
while Ramage (1983) cautions against placing an abundance of trust in
correlation coefficients, particularly when physical connections cannot
be made. Application of standard statistical theory to correlation

coefficients which are derived from correlation analysis of meteorolo-

gical variables may, in fact, lead to incorrect conclusions for the
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following reasons: 1) a permanent relationship between variables may
not exist for the population; 2) due to interdependence of data, the
degrees of freedom may be difficult to assess; 3) correlation exists

randomly, even in random data.
d. Regression

Simple linear regression has been used to obtain a linear mathe-
matical equation that describes the functional relationship between
the variables, given that a Tinear relationship may be indicated by
the product-moment correlation analysis. In regression analysis desig-
nation of one variable as the independent variable and of the other
variable as the dependent or response variable is customary. Usually,
changes in the independent variable are accompanied by coincident
changes in the response variable. How the dependent variable changes
as a result of a change in the independent variable is an indication of
the effect of the independent variable on the response. This effect is
given mathematically by the regression function.

The form of the model for simple linear regression is given by
Y=;’50+B]X+e

where X is the independent variable, Y is the response variable, 50
is the intercept of the regression line, 3] is a regression coeffi-
cient which is the slope of the regression line, and ¢ denotes the

random experimental error. Using the method of least squares, the

estimates b0 and b‘ are found for 80 and 81, respectively:
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P - _
E (Xi - X)(Y1 -Y)
b, = —=! ’
1 ) 9
L (X; -%)
i=1
b0 =Y - b]X

Using the estimates b0 and b] in the regression equation leads to the

estimated regression equation

A
Y = bo + b]X

Some limitations which are inherent in this form of analysis are
the same as some of those pertaining to correlation analysis. Addi-
tionally, that a change in one variable causes a change in another may
not necessarily be inferred just because a function has been found
that is a good fit to a set of observed data. A regression model
which describes such a function may still prove useful, however, as

an analytic and possible predictive tool.
e. Seasonal circulation analysis

Seasonal circulation analyses have been accomplished to facilitate
identification of features or patterns of seasonal circulation corre-
sponding to anomalous and average conditions of precipitation in the
Sahel. The procedure used is one in which composite maps are con-
structed by averaging a height field for cases of selected meteoroio-

gical/climatological conditions, such as years of low, intermediate or
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high category of precipitation. The procedure js suitable given that
. variations of one basic type of pattern are primarily responsible, or

assumed to be responsible, for the conditions under study.
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5. RESULTS

a. Selection of a random sample

The distribution of the years of the 15-year sampie and of the 12-
year sampie among the three tercile categories are shown in Tables 2a
and 2b, respectively. Generally, what the table shows is consistent
with the presumption that the decade of the 1950's was one of relatively
abundant rainfall (high category). The intermediate category is com-
prised mostly of the years of the 1960's, and the low category is com-
prised mostly of the years of the 1970's. Out of the whole 27-year
period only two of the nine years from the 1950's decade are not in-
cluded in the high tercile category, and only one of those two years
falls into the low category; only one of the eight years from the 1970's
is not included in the low category; only two of the ten years of the

1960's decade are not of the intermediate category.

b. Identification of climate signals

Principal component analysis was performed on the 15-year sample of
both eastern United States surface temperature and Sahel precipitation.
The developed sets of data first were ranked and grouped into terciles
within the 15-year sample, treating the set for each region individually.
The ranking and grouping process made use of eich station's seasonal
mean temperature in one set or of each station's seasonal precipitation
total in the other, ranking each year with respect to every other year.
The purpose of grouping here was to filter out some of the small-scale

spatial variability which is regarded as noise and which may not be

LS. U G- Rer i S




TP Pl Gl aher Jhee oad suae e

29

Table 2a. Distribution of years of seasonal precipitation means
of the 15-year sample among the tercile categories.

Low Intermediate High
1968 1960 1951
1970 1961 1953
1971 1963 1954
1973 1965 1964
1974 1966 1967

Table 2b. Distribution of years of seasonal precipitation means
of the 12-year independent control sample among the tercile categories.

Low Intermediate High
1959 1956 1952
1972 1962 1955
1976 1969 1957
1977 1975 1958




directly caused by general circulation features.

Results of the principal component analysis indicate some larger-

scale modes of spatial variability among many small-scale modes. Figure

L 4 shows that the proportion of the variance which is accounted for by

the first principal component is about 32%, and the second principal

The third principal component accounts

component accounts for about 21%.

for about 10% of the variance, and the remaining principal components

account for smaller and smaller proportions of the total variance.

Added together, the first three principal components account for well

over half of the total variance. The graph (Fig. 4) shows that plotted

points exist for only the first 14 principal components (the eigenvalue

which corresponds to the 15th principal component is zero), even though

the total number of principal components should be 33 (this corresponds

to the total number of stations: 15 in the eastern United States, 18 in

the Sahel). Eigenvalues exist for only the first 14 principal compo-

nents because the number of variables (stations) used in the analysis is

greater than the number of observations. Thus, the analysis problem is

An important consideration which is relevant to an

underspecified.

interpretation of these results is that some uncertainty has been intro-

duced due to this underspecification problem. The number of dimensions

which result are limited, thus some sampling fluctuations are inherent

in the analysis. These fluctuations are largest in the eigenfunctions

of the smaller eigenvalues; these eigenfunctions are not used in this

“study.

* The results which pertain to the eigenvectors are interesting.

Most nofab]y, the first eigenvector of the principal component analysis

...................................
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produced coefficients for the variables corresponding to the Sahel
stations which are of the opposite sign of those corresponding to the
eastern United States. These results can be seen in Table 3. This
kind of high-low (positive-negative) pattern is normally found in the
second eigenvector, rather than in the first in principal component
analysis of geophysical data. Of the Sahel stations, three have rela-
tively low coefficient values compared to the other values for the

v oof

region, while about four or five values are relatively high.
United States stations, two have relatively low values compared to the
other values for that region, while about six values are relatively
high. Of the six stations in the United States region which have high
coefficient values five are located in the northeastern quadrant of
the region. The general interpretation of the first eigenvector leads
to an inference of a spatial mode of variability whereby an inverse
relationship exists between surface temperature in the eastern United
States and precipitation in the Sahel.

The second eigenvector produced coefficients which are nearly all
of the same sign for both regions. These results can also be seen in
Table 3. The case in which nearly all variable coefficients are of
one sign is normally found in the first eigenvector, rather than in
the second, in principal component analysis of geophysical data. Only
two stations, one in the Sahel region and one in the eastern United
States region, differ in sign from the rest. The coefficient values

of these two are relatively low. Thus, a direct relationship seems to

TWhen interpreting the contribution each station makes to any
particular eigenvector, the absolute value of the coefficient is used.
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Table 3.

(total number of eigenvectors is 33).

Eigenvector coefficients of the first five eigenvectors
The first and second eigen-
vectors indicate relationships between the Sahel and the eastern United

States, whereas the remainder of the eigenvectors indicate relation-

ships which may exist on a smaller, sug-regional scale, or on an intra-

regional basis

Ist 2nd 3rd 4th 5th
Dakar 0.229909 0.080219 0.037865 0.190062 0.245891
Linguere 0.140857 0.089913 0.399251 0.139402 -.056506
St. Louis 0.245453 0.104939 -.020017 0.081899 0.188638
Tambacounda 0.072282 -.046068 -.380927 -.256556 0.233243
Zinguinchor 0.161041 0.020661 0.121004 0.214572 0.439973
Gao 0.135814 0.273946 -.065208 0.075316  -.185298
Hombor1 0.154091 0.151122 0.182665 0.113649 0.030072
Menaka 0.150444 0.195643 -.162127 0.331628 -.048333
Mopi 0.129718 0.031312 0.323579 -.094133 0.075530
Nioro du Sahel 0.257401 0.134182 -.111805 0.004288 0.097794
San 0.191163 0.221317 -.142009 -.016704 0.104991
Seguo 0.238004 0.089062 0.026400 -.098476 0.253510
Sikasso 0.135324 0.244605 0.216892 0.027574  ~.205962
Bobo Dioulasso 0.110945 0.210809 0.110622 -.012273  -.314837
Boromo 0.142226 0.133582 0.093729 -.271610 -.016884
Dori 0.097354 0.101957 -.313235 0.145258 0.198152
Fada N. Gourma 0.068932 0.183518 -.252661 0.218910 -.313919
Kandi 0.202327 0.110437 -.017821 -.100975 -.231891
Lakeland -.028210 0.148256 -.037058 -.196424 -.197304
Mobile -.183970 0.165556 0.062151 -.246298 0.227804
Macon -.168133 0.260874 0.073296 -.113520 -.006532
Memphis -.149285 0.265116 0.033807 -~.167061 0.141112
Greensboro -.087784 (0.234288 0.257299 ~.209064 0.141899
Lexington -.141163 0.310308 0.022079 -.046874 0.026521
Springfield -.146932 0.258948 -.202086 0.023571 -.011108
Wilmington -.238475 0.105333 0.107312 -.075886 0.051547
Pittsburgh -.172941  0.271529 -.062202 0.120545 0.096201
Detroit -.245703 0.059758 -.159545 -.044376 0.039873
Madison -.146932 0.258948 -.202086 0.023571 -.011108
Worchester -.201810 0.083119  -.009484 0.217967 0.132224
Albany -.204096 0.079288 0.175879 0.307724 0.141124
Portland -.239144  0.031355 0.093770 0.211473 0.041340
Caribou -.214612 -.076688 0.077045 0.364475 -.082255
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be inferred between eastern United States temperature regime and Sahel
precipitation regime by interpretation of the second eigenvector.
An interpretation of results pertaining to the third eigenvector

(Table 3) does not lead readily to an inference of any kind of rela-

v
't

tionship between the two regions of interest. Perhaps some sub-

. ey "y *
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regional or intra-regional relationships are suggested, but these are
not of concern here.
The results pertaining to the fourth and fifth eigenvectors which

are also shown in Table 3 and the results of the rest of the eigen-

|

vectors which are not shown also are apparently not meaningful in

e

terms of reiationships between meteorological regimes of the eastern

. aAaa

United States and the Sahel.

c. Correlation of climate signals

—,
f
.

Correlation anslyses were performed, using Spearman's rank corre-
lation method first. This analysis was performed using stations which
exhibited the largest contribution to the particular mode of spatial
variability (eigenvector) as suggested by the results of the principal
component analysis. Such stations were chosen according to an arbi-
trary criterion based on absolute values of eigenvector coefficients.
A threshold for coefficient values was established so as to collect

the stations with the highest values for use in the analysis. Stations

~a

having coefficient values >10.20] thus were used n this correlation ~
analysis, and in the subsequent product-moment correlation analysis.
Considering the coefficients produced in the first eigenvector,

five African stations met the threshold criterion: Dakar, Saint Louis, -




Nioro du Sahel, Segou and Kandi. Six United States stations met the
threshold criterion: Wilmington, Detroit, Worcester, Albany, Portland
and Caribou. A correlation coefficient was calculated using these

stations to determine the degree of the inverse relationship inferred

LT T

by the first eigenvector. A mean precipitation amount for each year
of the 15-year sample period was computed using values of the five
African stations and a mean temperature value for each year of the
same period was computed using values of the six United States sta-
tions. Both means then were used to represent their respective re-
gions in the actual calculation of the correlation coefficient, re
Thus, the degree of the inverse relationship as suggested by the
first eigenvector and as measured by Spearman's rank correlation
coefficient is given as re = -0.58. A significance test of this
value of rs indicates that it is sfignificant at the 0.05 significance
level as determined from a table of critical values of res the Spear-
man test statistic. The precise meaning of this significance test,
and of those following, is uncertain due to the circumstances of the
selection procedure which employed the threshold criterion as de-
scribed above. Principal component analysis extracts the most highly
correlated pattern, even from a sample of random data; the random dis-
tribution, against which the current results are to be tested, is
actually unknown. Thus, although the present result is intriguing,
(rS = -0.58) the estimated confidence level is in question.

In the second eigenvector, four African stations met the threshold
criterion: Gao, San, Sikasso and Bobo Dioulasso. Seven United States

stations met the criterion: Macon, Memphis, Greensboro, Lexington,




Springfield, Pittsburgh and Madison. A rank correlation coefficient

was calculated using regional means computed from these stations in

the same manner as before. The degree of the direct relationship as

indicated by the second eigenvector and as determined by Spearman's

rank correlation coefficient is given as re = +0.37. A test of this

value of res using the same table as before, reveals that it is not

significant at the 0.05 level.

Pearson's product-moment correlation analysis was employed after

doing Spearman's rank correlation analysis. The same arbitrary thres-

hold criterion was set for collecting stations to be used in the

‘., TETY et . L
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actual calculation of product-moment correlation coefficients. Once by

again working with information given in the first eigenvector, and of

course, using values of the same five African stations and the same

six United States stations as were used in the calculation of the rank

correlation coefficient, a product-moment correlation coefficient was

calculated. The degree of an inverse linear relationship, then, is

given as the result of that calculation: r = -0.69. This is a higher

coefficient than that obtained using the rank correlation method. A

significance test indicates that this value of r is significant at the

0.01 Jevel.

The calculation of a product-moment correlation coefficient for

the relationship indicated by the second eigenvector was performed,

again using values of the same four African stations and of the same

seven United States stations as were used in the rank correlation

analysis of this indicated relationship. The extent to which a direct

linear relationship exists as indicated by the product-moment
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correlation coefficient thus is given as r = +0.19. The value of this
coefficient is considerably lower than the rank correlation coeffi-
cient which was calculated to measure the same kind of relationship.
As would be expected then, a significance test indicates that this
value is not significant at the 0.05 level, nor is it even significant
at the 0.10 level.

Given that the above analyses may indicate the existence of an
inverse relationship between surface temperature in the eastern United
States and precipitation in the Sahel for the complete seasonal period
of June through October, without a time lag, the next step was con-
cerned with breaking the whole period up into sub-periods of two and
three months for purposes of determinig correlations of the same re-
Tationship with time lags. The lag product-moment correlations were
performed using values of the five African stations and of the six
United States stations collected for correlation analysis in the first
eigenvector (above). The same 15-year data period was involved, as
well. A mean of precipitation was computed for each month of the June-
through-October period from precipitation amounts for each of the five
African stations: a mean of temperature was computed in the same man-
ner from temperature values for each of the six United States stations.

The first lag correlation analysis was performed using means of
June-July temperature and of August-September-October precipitation.
The strength of this proposed lag correlation as indicated by the
product-moment correlation coefficient is given as r = -0.28 which is
not significant at either the 0.05 or the 0.10 levels. The result of

a second lag correlation analysis using means of June-July-August
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temperature and of September-October precipitation is given as
r = -0.32. This second value also is not significant at levels of
0.05 or 0.10.

The final procedure was to examine the strength of the suggested
inverse relationship for the seasonal period on a month-to-month basis.
Correlation coefficients were computed for each month of the period
June through October. The monthly mean values of precipitation and
of temperature, computed as described above for use in lag correla-
tion analyses, thus were employed for this procedure. The results of
the procedure are shown in Table 4. What this breakdown shows is that
August is clearly the month during which the postulated inverse rela-
tionship is strongest. Values of the product-moment correlation
coefficients increase in the negative sense as August is approached
in time, and the values decrease in the negative sense as time goes
forward from the month of August.

Perhaps a relavant fact to consider here is that August is the
middle month of the July-August-September period which is considered
to be the wettest quarter of the year in the Sahel (Griffiths, 1972);
further, what is observed in this study is that August is very often
the month during which the most precipitation is measured. The num-
bers shown in Table 4 may correspond to changes in size, shape,
strength or orientation of the subtropical high pressure system, or
they may correspond to the nature of the seasonal excursion of it and
other features of the general circulation. The numbers could be inter-
preted to indicate that a shifting of such features may occur, such

that corresponding changes in the relationship between surface
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- Table 4. Month-to-month product-moment correlation coefficients
'.- for the period of June through October of the 15-year sample.

June July August September October

- June +0.25
July -0.26
August -0.68
a September -0.16
October +0.08
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temperature in the eastern United States and precipitation in the Sahel
occur. Oliver (1981) proposed that a change of only one-third of a
degree of latitude in the position of the Atlantic high pressure system
is represented by one degree of change in latitude in the position of
the ITCZ; such changes in the positions of these features could affect
the temporal and spatial distribution of rainfall in the Sahel.

The results may be indicative of a state of the general circulation
which develops gradually through the wet season after the month of June,
reaches a peak in August, and then diminishes rapidly thereafter. The
correlation may be highest in August because the influence of the sub-
tropical high pressure system may be greatest during that time. The
feature had been anticipated to have substantial influence also during
the months of July and September, however, the numbers do not support
this notion.

The fact that August appears to be the only month out of the five
months during which the inverse relationship is verified weakens a
hypothesis that a physically-based inverse relationship may actually
exist. Month-to-month correlation coefficients of September and October
show almost no correlation between surface temperature in the eastern
United States and precipitation in the Sahel, and an interpretation of
these numbers contributes to a general suspicion that, overall, the
results may not be high1y>significant. Further, the radical difference
between the correlation coefficients of August and September seems to
contradict the idea that changes in the state of general circulation
features may be responsible. Changes in the state of general circula-

tion features 1likely do not occur as rapidly and drastically as the
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numbers indicate. The main problem, then, seems to be in attributing
._ the kind of results that were obtained from the month-to-month corre-
lations to possible physical mechanisms of the general circulation.
Specifically, the question arises as to what event could happen in the
- month of August that happens only sporadically, or not at all, in other

wet-season months.
iz d. Regression of a postulated relationship

A linear regression equation was produced to describe the func-
tional inverse relationship as indicated by the first eigenvector and
I: the previous product-moment correlation analysis. Values for the same
five African stations and the same six United States stations, all of
which have been used in all previous analyses concerning the inverse
ll relationship, were employed here, as well. These values are of the
| 15-year sample period. The resulting estimated regression equation

thus is given as
Y = 5482.4 - 138.1X ,

where temperature (°C) of the eastern United States is the independent
.;b' variable, and precipitation (mm) of the Sahel is the other response
variable. The corresponding line of regression is shown in Figure 5.

Superposed on the graph is a scatter plot of points of both the

R 4 i
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P

. 15-year random sample (crosses) and the 12-year independent control
; | sample (dots). By inspection, the pattern of the plot of the control
ii% points does not conform very well to the line of regression. A
hi’ product-moment correlation coefficient was calculated for the 12-year
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control period, again using values for the same five African stations
and the same six United States stations as for the 15-year period.

The result of the calculation is given as r = +0.36. While not signi-
ficant as the 0.10 level, this result works to the discreditation of
the postulated inverse relationship.

Since such a result was obtained from correlation analysis of the
12-year independent control sample, a product-moment correlation coef-
ficient was computed for the entire 27-year period. This result is
given as r = -0.24. Whereas this correlation coefficient does indicate
an inverse relationship, significance tests at both the 0.05 and 0.10
levels do not establish statistical confidence. Apparently, in light
of this, whatever signal exists is not strong enough to be verified

with only a 27-year sample.
e. Analysis of corresponding states of seasonal circulation

Composite analyses of gridded 700 mb height data were done for the
three Sahel precipitation categories (low, intermediate, high).2 These
analyses are shown in Figures 6, 7, and 8. Data for the entire 27-year
period were used, thus each category is comprised of nine seasons/years
of data. The distribution of the years among the categories can be
seen in Tables 2a and 2b. Additionally, a 27-year mean of the data was
computed to be used to compute departures from the mean of the data in

each category. The analysis of this 27-year mean is shown in Figure 9.

2

The seasonal data taken from Namias (1979) are in units of feet,
rather than in meters. Whereas these units do not inhibit either the
analysis of the data or a subsequent interpretation, use of metric
units is generally preferred.
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The departures from the mean facilitated subsequent analyses of height
anomalies for the three precipitation categories. The anomaly patterns
are superposed on Figures 6,7, and 8.

o Generally, the contour patterns of the three composites and the
mean appear similar. Major features which are common to all four con-
tour analyses are a trough over the north-eastern United States, a
trough near the west coast of Europe, and a large, zonally-oriented
ridge (the subtropical high) which extends from the western Atlantic

to northern Africa.

The configuration of the trough over the northeastern United
States on the low precipitation composite chart varies slightly from
113 the mean chart in that the trough appears a 1ittle farther west and
' appears to have somewhat lesser amplitude than the mean. Also, the
Tow composite chart shows the trough near western Europe to be slightly
east of the mean position and to have slightly greater amplitude than
that of the mean. 1In this same case the ridge appears to have greater

amplitude to the north over the Atlantic and lesser amplitude to the

south over northern Africa, compared to the mean.

. R
b

The high precipitation composite chart shows that no basic differ-

3 : ences are apparent between the appearances of the two troughs during *j

years of high precipitation and their appearances in the case of the 1

mean. The ridge position looks to be about the same as the mean but _i
again differences in amplitude can be seen. Overall, the ridge appears
to exert more influence eastward over the Atlantic and southward over
northern Africa than in the case of the mean.

A comparison of the intermediate precipitation composite chart to -
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the mean chart reveals that no decidedly noticeable difference of the

characteristics of the troughs is observed between the two charts. The

&
s
(N
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ridge appears not to extend as far westward in the intermediate case

ot

2 ¢

.
T

compared to the mean, otherwise, no difference is readily apparent in

e
a

this feature.

The analyzed anomaly patterns of the three composites for the most Q‘
part support what already has been noted concerning the contour pat- fé
terns, but these anomaly patterns also help to resolve variations of :f
the features of the contour patterns from the mean more definitively _}

and more clearly. The anomaly pattern of the low precipitation compos-

[E)
aladda

e ite chart reveals a conspicuous area of departures above the mean

' (positive departures) over the northeastern United States, and another
area of positive departures over northwestern Europe. Also evident is
an elongated area of departures below the mean (negative departures) ;4
extending northwestward from northern Africa to an over-water region

just off the Iberian peninsuia.

The anomaly pattern of the high precipitation composite shows an F%
area of positive departures over all but the north-eastern third or so
of the eastern United States. An area of negative departures is shown

~ to be over a northeastern section of the Atlantic and over northwestern -
Europe. Positive departures are seen over sections of northern Africa.
The composite chart of the intermediate precipitation category
d) shows an area of negative departures which encompasses the entire east- S
ern United States region and northwestern Europe. A small area of

positive departures is located just southwest of the Iberian peninsula.
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. An interpretation of the low precipitation category is that an -




eastern extension of the high may have been relatively weak in this

case while a western extension may have been somewhat stronger than
usual. Under these circumstances the ITCZ could be expected to migrate
further north over Africa, and have more influence than usual. Rain-
fall production thus should have been increased over the Sahel, but low
rainfall was observed instead. In the case of the high precipitation
category composite an interpretation of what may have happened with the
subtropical high is not quite so straightforward. Generally, the high
could be expected to have more influence over the Atlantic, particu-
larly over the eastern portion. This contrasts with the low precipi-
tation case. The high heights seen over much of northwestern Africa

in this case should have corresponded with an inhibited northward
migration of the ITCZ and a decrease in rainfall in the Sahel; however,
high rainfall was observed. Another noteworthy item is that the inter-
mediate precipitation composite actuaily resembles the high precipita-

tion composite.
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6. CONCLUDING REMARKS AND RECOMMENDATIONS

a. Concluding remarks

Some evidence has been given which suggests that one possible
mode of seasonal climate variation which relates to the North Atlantic
subtropical high pressure system and its continental environs is one
in which an inverse relationship may exist at times between surface
temperature in the eastern United States and precipitation in the
Sahel. This relationship was indicated in the first principal compo-
nent of the principal component analysis, using a 15-year sample
taken from the total 27-year period of 1951 through 1977. The rela-
tionship was examined, using data from stations which exhibited the
largest contribution to the first eigenvector. The data were used to
compute two types of correlation coefficients: Spearman’s rank corre-
lation coefficient and Pearson's product-moment correlation coeffi-
cient. The computed correlation coefficients served to lend support
to the relationship while at the same time casting a shadow of doubt
over the validity of the relationship in terms of actual physical
mechanisms. A Tinear regression equation was determined, but a scat-
ter diagram showed that plotted points of data from the entire 27-year
period were widely scattered around the regression Tine. This finding
prompted the calculation of another product-moment correlation coeffi-
cient, using data from the 12-year control sample, which produced a
result that weakly indicate a direct relationship, rather than an
inverse relationship. Conclusions about the existence of a telecon-

nection between the Sahel and the eastern United States based on the
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statistical results of this study thus are difficult to reach.
Samples larger than those used here are needed to either substantiate
or refute a statistical relationship such as that suggested in this

study.
b. Recommendations

Certainly, the results given in this study fall short of giving
any conclusive evidence of a teleconnection which is manifested as an
inverse relationship between surface temperature regime in the eastern
United States and precipitation regime in the Sahel. Specific recom-
mendations follow which are relevant to a better resolution of this
possible meteorological teleconnection.

1) Conduct research using the same or similar procedures which
are used in this study, but develop meteorological data sets derived
from a data base of a longer period of time. The same problem of
obtaining consistent meteorological records will undoubtedly be en-
countered, no matter whether the period is extended forward or back-
ward in time. Additionally, obtaining a homogeneous data base is
Tikely to be a problem.

2) Perform more correlation analyses, particularly analyses of
lag correlation, using numerous other combinations of the months of
the seasonal period of June through October, and perhaps using months
immediately antecedent to this period. Further correlation analyses
may shed more 1ight on the nature of the teleconnection examined here.

Promising results of lag correlation analyses would have important

implications in terms of a contribution to the long range forecast/
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outlook probiem.
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3) Attempt to obtain gridded data or actual observations for use

in composite analyses of points south of 20°N. Southern Hemisphere

SRR

data would be useful, particularly to examine the influence that the o
South Atantic region is important, since it is the primary source of
low-level moisture for rainfall production in the Sahel.

4) Perform composite analyses of other pressure surfaces in the
middie to lower troposhpere and of sea level pressure. Certainly,
three-dimensional composite analyses would present a clearer picture
of states of the atmosphere, and likely would facilitate a better
understanding of those states as associated with a teleconnection
between meteorological regimes. Perhaps computer graphic capabili-

ties should be exploited in this endeavor.

e LPIC IR
'
IR PR

5) Perform composite analyses for other time periods, such as
a July-August-September period or a July-August-period, or perhaps

even for single-month periods. A relevant pattern may be better re-

solved in this manner.
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